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(XWURSKLFDWLRQ LV GXH WR WKH H[FHVV QXWULHQWV PDLQO\ QLWURJHQ SKRVSKRUXV HWF DUH GLVFKDUJHG LQWR WKH
ODNHV UHVHUYRLUVRU WKHJXOI DQG WKHRWKHU VORZ IORZQDWXUDOZDWHU ,W
V FDXVHDOO VRUWVRIDTXDWLFRUJDQLVPV
SODQWVEUHHGLQJDQGDEQRUPDOJURZWKWKXVDVHULHVRIVHULRXVFRQVHTXHQFHVDUHEURXJKW
6WXGLHV KDYH VKRZQ WKH VWUXFWXUH RI ZDWHU LV FKDQJHG WKHQ IRUPLQJ R]RQH E\ WKH FRPSUHKHQVLYH HIIHFW
SURGXFHG E\ SXOVH GLVFKDUJH VXFK DV KLJK SUHVVXUH VWURQJ LQIUDUHG FDYLWDWLRQ IORZ VKRFN ZDYHV IUHH
UDGLFDOV HWF ZKLFK PDNH XVH RI SODVPD LV IRUPHG EHWZHHQ WKH HOHFWURGHV ZKHQ SXOVH GLVFKDUJLQJ E\ WKH
WHFKQRORJ\RIHOHFWURK\GUDXOLFSRZHULPSXOVH7KHQWKHHXWURSKLFDWLRQRIWKHODNHZDWHUERG\FDQEHWUHDWHG
E\ WKH SHUIRUPDQFHV RI R]RQH VXFK DV GLVLQIHFWLRQ VWHULOL]DWLRQ NLOOLQJ DOJDH LQKLELWLQJ EDFWHULD NLOOLQJ
PLFURRUJDQLVPVFKDQJLQJLQDFWLYDWHGVOXGJHDQGVRRQ,WKDYHPDQ\DGYDQWDJHVLQZDWHUWUHDWPHQWVXFKDV
VWURQJDELOLW\ZLGHO\DGRSWLRQORZHQHUJ\FRQVXPSWLRQDQGWKHUHVLGXDOR]RQHQHHGQ
WWREHGLVSRVHG>@7KH
VWXGLHV WKDW ZHUH GRQH E\ WKH ZULWHU KDYH EHHQ IXUWKHU LPSURYHG E\ UHFHQW H[SHULPHQWV 2QH LQ D SDLU RI
HOHFWURGHLVPDGHKROORZDQGFRPSUHVVHGDLUHMHFWHGWKURXJKWKHKROORZHOHFWURGHWKHQR]RQHIRUPHGGLUHFWO\
XQGHU ZDWHU E\ KLJKYROWDJH GLVFKDUJH 7KH LQWHUQDO VWUXFWXUH DQG VRPH SDUDPHWHUV RI R]RQH JHQHUDWRU DUH
VWXGLHGLQWKLVSDSHUDQGLWZLOOSURPRWHDPRUHHIIHFWLYHPHDVXUHWRFRQWUROWKHHXWURSKLFDWLRQRIODNHZDWHU
LVSURYLGHG
6WUXFWXUHRIXQGHUZDWHUR]RQHJHQHUDWRU
7KHXQGHUZDWHUR]RQHJHQHUDWRUFDQEHXWLOL]HGE\HOHFWURK\GUDXOLFSRZHULPSXOVHWHFKQRORJ\WRFOHDUWKH
ZDWHUERG\SHUIHFWO\7KHRSHUDWLQJSULQFLSOHRIHOHFWURK\GUDXOLFSRZHULPSXOVHWHFKQRORJ\LVVKRZQLQ)LJ
ZKHQWKHVZLWFKLVFORVHGWKHFDSDFLWRUZLOOEHFKDUJHG,IWKHYROWDJHRIFDSDFLWRUUHDFKHVWKHJLYHQYDOXH
WKHSRZHUVWRUHGLQFDSDFLWRUZLOOEHUHOHDVHGWRWKHGLVFKDUJHGJDSEHWZHHQWKHWZRHOHFWURGHVUDSLGO\DQGWKH
SODVPDFKDQQHOLV IRUPHGLQWKHUHE\WKHUHOHDVHGSRZHU WKDW LVDERXW-7KHWHPSHUDWXUHLQWKHJDS
EHWZHHQWKHWZRHOHFWURGHVLVDERXWNDQGWKHHQHUJ\GHQVLW\LQFUHDVHVWR-PWKHJHQHUDWHG
VKRFNZDYHH[SDQGVRXWZDUGUDSLGO\ZLWKWKHVSHHGIURPGR]HQVWRVHYHUDOKXQGUHGVPHWHUVSHUVHFRQGDQG
FRPSUHVVWKHWUHDWHGZDWHUZKLFKJHQHUDWHVDVKLJKDV0SDSXOVHSUHVVXUH:KHQWKHSUHVVXUHLQWKH
SODVPD FKDQQHO LV ORZHU WKDQ WKH RXWVLGH WKH H[SDQVLRQZLOO VWRS+RZHYHU ZLWK WKH HIIHFW RI LQHUWLD WKH
H[SDQGHGIORZOLTXLGZLOOVXGGHQO\FORVHWRIRUPWKHFDYLWDWLRQIORZPDNLQJWKHPRYHPHQWRIIORZUHYHUVH
ZKLFKDOVRLQFUHDVHVWKHSUHVVXUHLQFDYLW\VKDUSO\DQGPDNHWKHSODVPDH[SDQGDJDLQ7KHSURFHVVPHQWLRQHG
DERYHZLOOUHSHDWVHYHUDOWLPHVDQGWKHQGHFD\JUDGXDOO\
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VRRQZKLOHWKHR]RQHUHDFWVZLWKWKHZDVWHZDWHUGLUHFWO\6RLWLVPRUHHIIHFWLYHWRGHDOZLWKWKHZDVWHZDWHU
WKDQWKHFRQYHQWLRQDOGRPHVWLFDQGIRUHLJQR]RQHJHQHUDWRUVDWFXUUHQW
7KHXQGHUZDWHUR]RQHJHQHUDWRULVVKRZQDV)LJ7KHHOHFWURGHVDUHLQVWDOOHGLUUHPRYDEO\LQZDWHUDQG
VHYHUDORUGR]HQVDQGHYHQVHYHUDOKXQGUHGVSDLUVRIHOHFWURGHVFDQEHLQVWDOOHGWRPHHWWKHUHTXLUHPHQWVRI
WUHDWPHQW HIIHFWV DFFRUGLQJ WR WKH DPRXQW RI WKH ZDWHU WR EH WUHDWHG DQG WKH  GHJUHH RI SROOXWLRQ DQG WKH
KROORZ QR]]OH HOHFWURGHV DUH SRVLWLYH &RPSUHVVHG DLU RU R[\JHQ MHWV LQWR WKH JDS EHWZHHQ WKH HOHFWURGHV
WKURXJKWKHQR]]OH
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:KHUH:LVWKHHQHUJ\JHQHUDWHGE\RQFHGLVFKDUJH8LVWKHGLVFKDUJHYROWDJH/LVWKHGLVWDQFHEHWZHHQ
WKHHOHFWURGHV9 LV WKHYROXPHRI WKH UHDFWLRQFKDPEHU& LV WKHFDSDFLWDQFHRI WKHFDSDFLWRU ,W LVH[LVWDQ
RSWLPDOFRPELQDWLRQRISDUDPHWHUVZKHQGHDOZLWKGLIIHUHQWZDWHUERGLHV
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ZRXOGLQFUHDVHGLIWKHYDOXHRIWKH$LVLQFUHDVHG$FDQEHH[SUHVVHGDV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JHQHUDWHGZKHQWKHIUHTXHQF\RIYROWDJHLQFUHDVHGIURP+]WR+]
 I 7 /& 
7KH RVFLOODWLRQ IUHTXHQF\ KDV QRWKLQJ WR GR ZLWK WKH FKDUJLQJ YROWDJH RI WKH FDSDFLWRU ZKLFK RQO\
GHSHQGHG RQ WKH VWUXFWXUDO SDUDPHWHUV RI WKH ORRS :KHQ WKH IUHTXHQF\ LV KLJKHU WKDQ  +] WKH
DPRXQWRIR]RQHJHQHUDWHGE\WKHGLVFKDUJHGHFUHDVHGZKLOHWKHDPRXQWRIR]RQHFRXOGEHLQFUHDVHGE\
WLPHVZLWKLQ+]DQGZKHQWKHIUHTXHQF\LQFUHDVHGIURPWR+]WKHDPRXQWRIR]RQHFRXOG
RQO\LPSURYH,QDGGLWLRQWKHGXUDWLRQRIHDFKGLVFKDUJHFXUUHQWSXOVHUHGXFHGE\WLPHVDVZLWK
WKHIUHTXHQF\LQFUHDVHG)RUWKHWHVWRI3OH[LJODVWKDW WKHWKLFNLVPPWKHGLHOHFWULFFRQVWDQWİ˙ WKH
GXUDWLRQRISXOVHVUHGXFHGIURPWRȝVZKHQWKHIUHTXHQF\LVLQFUHDVHGIURPWR+]
7KHVWUHQJWKRIWKHR]RQHIRUPDWLRQEHDIIHFWHGE\WKHDPSOLWXGHRIFXUUHQWSXOVH0HHWLQJWKHQHHGZKLFK
WKHHOHFWURQPXVWWRVWD\ȝVZKHQSURGXFHGR]RQHDFFRUGLQJWRFKDQJHWKHDPSOLWXGHRIFXUUHQWSXOVHWKDW
PDNHVXUHLWLVFRQWUROOHGZLWKLQDFHUWDLQUDQJHE\DGMXVWLQJWKHFLUFXLW,WDOVRFDQSUHYHQWRYHUKHDWLQJDQG
WKHR]RQHZKLFKKDYHIRUPHGWRGHFRPSRVHHIIHFWLYHO\
J\ 333  
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7KHGHWHUPLQDWLRQRIHOHFWURK\GUDXOLFSXOVHHOHFWULFFKDPEHUSDUDPHWHUV
7KHGLVWDQFHVEHWZHHQWZRHOHFWURGHV
7KH RSWLPXP FOHDUDQFH DIIHFWHG E\ PDQ\ IDFWRUV DQDO\VLV E\ H[SHULPHQWV VKRZV WKDW WKH EHVW JDS
LQFUHDVHGZLWKWKHLQFUHDVLQJRI WKHFDSDFLWDQFHRI WKHFDSDFLWRU WKHRSWLPXPJDSYDOXHDOVRLQFUHDVHVZLWK
WKHDUHDRILQVXODWLRQRIWKHHOHFWURGHWLSLQFUHDVLQJ
7KHGLVWDQFHEHWZHHQ WKH WZR HOHFWURGH VL]H/ LV UHFRPPHQGHG WR GHWHUPLQHGE\ WKH IROORZLQJ IRUPXOD
DFFRUGLQJWRDODUJHQXPEHURIH[SHULPHQWVDQGWKHUHVXOWRIWKHH[SHULPHQWDOGDWDKDYHEHDQDO\]HG>@
  / 8  
8LVWKHGLVFKDUJHYROWDJHRIWKHHOHFWURGHV
7KHGHWHUPLQDWLRQRIGLVFKDUJHHOHFWURGHSDUDPHWHUV
D 7KH GLDPHWHU RI HOHFWURGHV LW LV ZRUWK QRWLQJ SUREOHP LV WKDW WKH HOHFWURGHV DUH FRQVXPDEOH SDUWV LQ
SUDFWLFDODSSOLFDWLRQRIWKHKLJKYROWDJHSXOVHGLVFKDUJHSODVPDWHFKQRORJ\LIWKHOLIHRIWKHHOHFWURGHVFRXOG
EH LPSURYHG WKHQ WKH HIILFLHQF\RI WKH GHYLFHRI SODVPD LV LPSURYHG7KHPLQLPXP OLPLW RI WKH HOHFWURGH
GLDPHWHU'PLQLV
PLQ PD[  .' D3 (Y S 
:KHUHDLV WKHSURSDJDWLRQYHORFLW\RIVRXQGLQWKHPDWHULDO3PD[LVWKHPD[LPXPSUHVVXUHJHQHUDWHGLQ
WKHSODVPDFKDQQHO
 PD[   Z3 8 /OU| 
ȡZLVWKHFRQGXFWLYLW\RIWKHOLTXLG8LVWKHFKDUJLQJYROWDJH/LVWKHLQGXFWDQFHRIWKHGLVFKDUJHFLUFXLW
O LV WKHGLVWDQFHEHWZHHQWKHGLVFKDUJHHOHFWURGH(LV WKH<RXQJ
VPRGXOXVY.LV WKHXOWLPDWHGLVSODFHPHQW
VSHHGRIHOHFWURGH
E 7KHPDWHULDO RI HOHFWURGHV LWZRXOG SURGXFH KLJK WHPSHUDWXUH DQG KLJK SUHVVXUH ZKHQ WKH GHYLFH RI
HOHFWURK\GUDXOLF SXOVH LV ZRUNLQJ DQG WKH HOHFWURGHV ZRXOG PHOW DQG GLVVROYHG LQWR WKH ZDWHU ,W VKRXOG
PLQLPL]H WKH ORVV RI HOHFWURGH PDWHULDO EDVHG RQ WKH FKDUDFWHULVWLFV RI WKH ZDWHU ZKLFK ZDQW EH WUHDWHG
'HWHUPLQHG WKHFRUURVLRQRI WKHHOHFWURGHE\ WKH LQGLUHFWPHWKRGDFFRUGLQJ WRGHWHUPLQH WKHQXPEHUPHWDO
LRQ RI WKH HOHFWURGHV LQ WKH ZDWHU 7KH QXPEHU RIPHWDO LRQV GLVVROYHG LQ ZDWHUPXVH EH XQGHU D FHUWDLQ
UHVWULFWLRQZKHQVWHULOL]HDQGGLVLQIHFWE\ WKHHOHFWURK\GUDXOLFSXOVHRWKHUZLVH LWZRXOGDIIHFW WKHHIIHFWRI
ZDWHUWUHDWPHQW7KHOLPLWLVFRSSHṴPJ/LURQ̰PJ/
7KHGHWHUPLQDWLRQRIWKHUHDFWLRQFKDPEHUSDUDPHWHUV
D7KHVL]HRIWKHUHDFWLRQFKDPEHUYROXPH
$FFRUGLQJWRWKHFROODWLRQDQGDQDO\VLVWKHGDWDRIH[SHULPHQWVWKHIROORZLQJIRUPXODLVJLYHQ
  

8 OE &8 O HD  
:KHUH E LV WKH SDUDPHWHU RI WKH EDFWHULFLGDO HIIHFW RI WKH XQLW YROXPH RI WKH UHDFWLRQ FKDPEHU
([SHULPHQWV VKRZQ WKDW WKH FDYLW\ YROXPH LV VPDOOHU WKH HIIHFW RIZDWHUWUHDWPHQW LV EHWWHU+RZHYHU WRR
VPDOOFDYLW\YROXPHLVQHLWKHUHFRQRPLFQRUSUDFWLFDOLQWKHDFWXDOZRUNSURFHVVVRWKHEHVWGHWHUPLQDWLRQLV
DFFRUGLQJWRWKHHIIHFWLYHUDQJHRIWKHDFWXDOQHHGDQGHOHFWURK\GUDXOLFSXOVHRSHUDWHG
E7KHVWUXFWXUHRIJHRPHWULFVKDSHRIUHDFWLRQFKDPEHU
,Q RUGHU WR PDNH XVH RI HOHFWURK\GUDXOLF SXOVH HIIHFW PRUH HIIHFWLYHO\ WKH VKRFN ZDYH SDUDPHWHUV EH
LPSURYHGVXFKDV WKHSUHVVXUHRI WKHZDYH IURQW WKHVSHHGRI WKHZDYHIURQWDQG WKHFRHIILFLHQWRIHQHUJ\
XWLOL]DWLRQRIWKHVKRFNZDYHWKHVHPLHOOLSVRLGVKDSHRIWKHUHDFWLRQFKDPEHULVSXWIRUZDUGHGLWFDQUHDOL]H
WKHVKRFNEHJDWKHUHG
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&RQFOXVLRQ
%DVHGRQ WKH WHFKQRORJ\RIR]RQHHOHFWURK\GUDXOLFSRZHU WKHJHQHUDWLRQDQGUHDFWLRQRI]RQHDUH LQ
ZDWHUFRPSOHWHO\7KHDELOLW\RIZDWHUWUHDWPHQW LV VWURQJ WKH UDWHRIR]RQHSURGXFWLRQ LV VWDELOLW\ DQG WKH
UHPDLQLQJR]RQHQHHGQ
W WREHGLVSRVHG,WFDQPHHWWKHQHHGRIGLIIHUHQWDPRXQWR]RQHRIWKHXVHUVMXVWE\
DGMXVWWKHGLVFKDUJLQJYROWDJHWKHIUHTXHQF\DQGDPSOLWXGHRIWKHFXUUHQWSXOVH
,WKDVDEHVWR]RQHSURGXFLQJSDUDPHWHUVZKHQWKHR]RQHJHQHUDWRULQDVSHFLILFZRUNLQJFRQGLWLRQ,W
KDYH GHWHUPLQHG WKH UHODWHG SDUDPHWHUV RI WKH HOHFWURK\GUDXOLF SXOVH IURP WKH FDSDFLWRU
V FDSDFLWDQFH WKH
HOHFWURGHVSDFLQJGLDPHWHUDQGWKHPDWHULDOYROXPHDQGVWUXFWXUDOVKDSHRIWKHUHDFWLRQFKDPEHUDQGRWKHUV
ZKLFKKDVDUHIHUHQFHSRLQWIRULPSURYLQJWKHHIIHFWRIZDWHUSXULI\LQJ
,WLVYHU\HIIHFWLYHIRUSXULI\LQJZDWHUERG\E\WKHPHWKRGRIHOHFWURK\GUDXOLFSRZHULPSXOVHDQGWKH
SXULILFDWLRQ HIIHFW LV SURSRUWLRQDO WR WKH YROXPH RI WKH ZDWHU ERG\ ZKLFK GHDOV ZLWK WKH HQHUJ\ ZKLFK
SURGXFHGE\HOHFWURK\GUDXOLFSRZHULPSXOVHDQGGLVFKDUJHF\FOHVGLUHFWO\7KHVFRSHRIWKHDSSOLFDWLRQFDQ
EHH[SDQGHGJUHDWO\E\FKDQJLQJWKHZRUNLQJSDUDPHWHUVRIK\GUDXOLFSXOVHDFFRUGLQJWRVSHFLILFFRQGLWLRQV
$FNQRZOHGJHPHQWV
7KLVSURMHFW LV VXSSRUWHGE\&KLQD3RVWGRFWRUDO6FLHQFH)RXQGDWLRQ1R0 WKH3ODQRI WKH
([FHOOHQW<RXQJDQG0LGGOHDJHG%DFNERQH7HDFKHUV+XEHL3URYLQFH1R4WKH6XEMHFW/HDGHU
3ODQ RI:XKDQ &LW\ 1R WKH RSHQ IXQGRI 5HVHDUFK &HQWHU RI *UHHQ0DQXIDFWXULQJ DQG
(QHUJ\6DYLQJ 	 (PLVVLRQ 5HGXFWLRQ 7HFKQRORJ\ LQ :XKDQ 8QLYHUVLW\ RI 6FLHQFH DQG
7HFKQRORJ\1R%
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